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Abstract 
For a p ractical direct torque controlled (DTC) permanent magnet synchronous motor (PMSM) 
drive system, the information of the initial rotor position, which is usually obtained by a mechanical 
position sensor, is essential for starting under the full load. In order to avoid the disadvantages of using 
mechanical position sensors, great efforts have been made on the development of sensorless control 
schemes. This paper presents an initial rotor position estimation strategy for a DTC PMSM drive based 
on a nonlinear model of PMSM incorporating both structural and saturation saliencies. In the new 
scheme, specially designed high voltage pulses are applied to amplify the saturation saliencies. The 
peak currents corresponding to the voltage pulses are used, in combination with the inductance 
patterns, to determine the d-axis position and the polarity of the rotor. The presented initial rotor 
position identification strategy has been implemented in a sensorless DTC drive for a surface mounted 
PMSM. Experiments are conducted to confirm the effectiveness of the method and the performance of 
the drive system. 
 
Keywords: Permanent magnet synchronous motor (PMSM); surface mounted PMSM; direct 
torque control scheme; numerical simulation; saturation saliency; inductance; initial rotor 
position estimation. 
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1.  Introduction 
For a permanent magnet synchronous motor (PMSM) drive, the rotor position information 
is essential for the inverter commutation to control the frequency and position of the stator 
current vectors. The rotor position information can be obtained by using mechanical position 
sensors or calculation with various sensorless schemes. With the wide application of the 
PMSM in different environments, sensorless schemes have become desirable for eliminating 
the handicaps of mechanical sensors, such as high system cost, limited operating condition, 
high maintaining requirement, and low system reliability. Among the modern control 
strategies adopted to drive the PMSM, the direct torque control (DTC) scheme is preferred 
because sensorless control scheme could be realised if the initial rotor position of the motor is 
known. Therefore, the accurate identification of the initial rotor position is crucial for a DTC 
PMSM drive. 
The sensorless techniques can be roughly classified into two types: motional electromotive 
force (emf) and inductance variation [1]. As there is no motional emf induced at standstill, the 
method based on the motional emf cannot be applied to detect the initial rotor position. For the 
inductance variation method, the structural and magnetic saturation saliencies are employed, 
which occur in all types of PMSMs. Normally the current changing rate determined by the 
inductances as a function of rotor positions and stator currents can be directly and/or indirectly 
measured [2]. With the method, the initial rotor position can be accurately identified for the 
motors with large structural saliency, e.g. the interior PMSM. However, for the surface 
mounted PMSM, which does not have significant structural saliency, it has been a difficulty to 
detect the rotor position at zero or low speeds under load conditions. Numerous efforts have 
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been made in this field by injecting signals to amplify the saturation saliency [3-8]. 
According to the types of the applied signals, the inductance variation detection technique 
can be broadly categorised as injecting either a high frequency signal [3-4] or a special pulse 
width modulation (PWM) signal [5-8]. The special PWM signal includes a series of voltage 
pulses [7-8]. By analysing the inductance variation due to saturation saliency in a surface 
mounted PMSM, the amplitude variation of the three phase peak currents caused by several 
voltage pulses was utilised to estimate the d-axis of the rotor and rotor polarity [7-8]. 
Compared with the high frequency signal injection method, the method using the voltage 
pulses offers a less expensive, less complex, and less maintenance solution. 
In this paper, an initial rotor position estimation scheme using voltage pulses is presented. 
In order to numerically simulate the performance of new initial rotor position estimation, a 
nonlinear model of PMSMs which incorporates both structural and saturation saliencies has 
been investigated [9-12]. In the model, the self and mutual incremental inductances of the 
phase windings are expressed by Fourier series as functions of the rotor position and stator 
currents. With the model, the initial rotor position estimation method is numerically simulated. 
In this way, the effectiveness of the scheme could be analysed and evaluated before being 
implemented in the practical system. Experiments are also carried out. The validity of the 
proposed method is examined and confirmed through extensive experiments. Finally, the 
initial rotor position identification scheme is applied in a DTC scheme for implementation of a 
sensorless DTC drive system. The performance of the DTC scheme with the estimated initial 
rotor position is simulated, and the experiments have been conducted to verify the 
performance of the DTC PMSM drive system. 
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2.  Nonlinear Model of PMSM with Saliencies 
2.1  Flux linkage and circuit equations 
In a PMSM, the operating point of the magnetic core is mainly determined by the rotor 
magnetic field, which is the dominant component. Meanwhile, the magnetic field produced by 
the stator current also contributes to the total magnetic field. Therefore, as an example, there 
are two components in the total flux linkage of phase a, ψa. As described in (1), ψas and ψaf are 
the flux linkage components produced by the magnetisation component of the stator currents, 
ims, and rotor magnets, respectively, and θ is the rotor position. The flux linkage ψas can be 
further separated into the three components, ψaa, ψab and ψac, which depend on the three phase 
currents, ia, ib, ic, and the equivalent current of the magnetic field due to the rotor permanent 
magnet, if. Although the ψ-i characteristic of the magnetic core is nonlinear, the magnetic 
circuit can be considered as piecewisely linearised around the operating point corresponding to 
a given rotor position [9-12]. 
( ) ( ), ,a as af f aa ab ac af fi iψ ψ ψ θ ψ ψ ψ ψ θ= + = + + +         (1) 
Under the assumption of the piecewisely linearization around the operating point, the self 
and mutual incremental inductances of phase a winding are defined as the proportionality 
coefficients Laa, Lab and Lac determined by the gradient of the magnetisation curve at the 
operating point. The flux linkages of phases b and c can be studied in the similar way. The 
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where va, vb and vc are the terminal voltages, Ra Rb and Rc are the winding resistances, ia, ib and 
ic are the currents of phases a, b and c, respectively, eaf=ωdψaf/dθ, ebf=ωdψbf/dθ, and 
ecf=ωdψcf/dθ are the emfs induced by the rotor magnets, ω=dθ/dt is the angular speed of the 
rotor, and eaθ=ω(∂ψaa/∂θ+∂ψab/∂θ+∂ψac/∂θ),ebθ = ω(∂ψba/∂θ + ∂ψbb/∂θ + ∂ψbc/∂θ), and ecθ= 
ω(∂ψca/∂θ+∂ψcb/∂θ+∂ψcc/∂θ) are the three phase emfs induced by the variation of flux linkage 
due to the saliencies. 
 
2.2  Electromagnetic torque 
The electromagnetic torque of the PMSM can be obtained by taking the partial derivative 
of the system co-energy, Wf′, with respect to the rotor position angle θr, i.e. T=∂Wf′/∂θr, and it 
can be derived as [9-12], 
2 2 2
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            (3) 
There are two components of the electromagnetic torque. One is produced by the stator 
currents and rotor magnets, and the other is caused by the saliencies. 
 
3.  Nonlinear Incremental Inductances 
3.1  Experimental measurement of phase inductances 
In order to measure the self and mutual inductances, which could be incorporated in the 
presented model, various rotor and stator fluxes for emulating the operating conditions should 
be produced during the experiment. A special method is designed to measure the self and 
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mutual inductances. By this method, not only the structural saliency but also the saturation 
saliency can be mathematically reflected in the measured inductances. 
The experiment is carried out on a 6-pole off the shelf surface mounted PMSM, and Table 
1 lists the nameplate data of the testing PMSM motor. Different DC offsets, which are used to 
emulate the saturation saliency of the magnetic core due to the three phase currents, are 
injected to one of the stator windings. Meanwhile, a small AC current is applied to one phase 
for measuring the inductances, while the other two phases are open-circuited. The power, 
voltage and current of the phase with the AC current are measured and the voltages of the 
other two phases are also recorded by a power analyser. The self and mutual inductances of 
phases a, b and c at different rotor positions and stator currents can then be calculated with the 
experimental results via circuit analysis [9-12]. 
 
Table I: Nameplate Data of a PMSM 
Parameters Quantities 
Model IFT 6071-6AC21-2-Z 
Number of poles 6 
Number of phases 3 
Rated power 1000 W 
Rated voltage (line to line) 128 V 
Rated current 6.5 A 
Rated speed 2000 rev/min 
Rated torque 4.5 Nm 
 
3.2  Identification of nonlinear inductance with arbitrary rotor and stator flux 
Since the flux produced by the rotor permanent magnets of a PMSM can be considered as 
a constant, the inductances can be expressed as L(θr, θs, │Φs│), where θs and │Φs│are the 
position and amplitude of the stator flux, and θr is the position of the rotor flux. In order to 
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simplify the inductance expression and unify the definitions of θs and θr, the angle between the 
stator flux, Φs, and the stator winding axis of phase a, denoted by α, and the angle between the 
stator and rotor fluxes, denoted by δ, are used in the inductance expressions instead of θs and 
θr. With the new definitions, the inductances can be expressed as L(δ, α, ims), where 
ims=0~Irated corresponds to various │Φs│, as shown in Fig. 1. In the figure, Φs1, Φs2 and Φs3 
are the stator flux produced by a DC offset injected in phase a, b and c, respectively, and Φr is 
the rotor flux at a given rotor position. Based on the finite experimental results at several rotor 
and stator fluxes, the analytical expressions of the nonlinear self and mutual inductances with 
a reasonable number of parameters at arbitrary rotor and stator flux can be estimated to 
incorporate the structural and saturation saliencies in the new model. 
As discussed in [9-13], the phase inductances can be considered as a periodic function of 
rotor angular position and varies with the stator current due to the saturation saliency. A 
Fourier series is utilised to express the nonlinear inductances as, 
( ) ( ) ( ) ( ) ( ) ( )( )0
1
, , , , cos , sin
n
ms ms m ms m ms
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= + +∑       (4) 
where the coefficients and the number of terms of the Fourier series can be determined by the 
curve fitting of the experimental phase inductances with sufficient accuracy. 
According to the experiments with DC offsets in the stator winding of each phase, the 
inductances at α=0º, 120º and 240º with several δ and ims have been acquired. With (4), the 
self and mutual inductances at α=0º, 120º and 240º with arbitrary δ and ims can be obtained. 
Then, the interpolation technique is employed to estimate the inductance at arbitrary α, δ and 
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Fig. 2. Measured and calculated Lbb at different α with a DC offset of 5.5A. 
 
4.  Initial Rotor Position Estimation for a PMSM 
4.1  Configuration of experimental setup and experimental principle 
In order to obtain the rotor position related saliency information, several voltage pulses 
with high amplitudes and short duty are injected to the stator windings. These pulse voltages 
are produced by PWM inverters in a drive system and no additional hardware is required. The 
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gate signals of the inverters are controlled by a dSPACE DS1104 system. The three phase 
currents are detected by Hall-effect current probes and are recorded by a digital oscilloscope. 
The peak values of the three phase currents are used to estimate the initial rotor position. 
Meanwhile, the actual value of the rotor position is detected from an optical encoder mounted 
on the shaft of the motor for verifying the estimation and the resolution of the encoder is 2500 
counts per revolution. 
The fundamental principle for this scheme is as following. At an unknown initial rotor 
position, a positive pulse is applied to one of the three phase terminals for a certain duty, while 
the terminals of the other two phases are applied with negative pulses. With this positive 
pulse, the positive peak current value is acquired. After that, the positive pulse is followed by 
a negative pulse and the negative pulses by positive pulses to bring the phase currents down to 
zero. Meanwhile, at the same rotor position, a negative pulse is applied to the same phase for 
the same duty, while the terminals of the other two phases are supplied with positive pulses. In 
this way, the negative peak current value is measured. After that, one positive pulse and two 
negative pulses are used to bring the phase currents down to zero. For example, the gate 
signals of 010 are created to inject positive pulse to phase b for a short period, and then 
immediately the gate signals of 101 are injected. After the stator currents become zero, the 
gate signals of 101 are created, and then immediately the gate signals of 010 are produced to 
drive the current in the phase winding to zero. 
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4.2  Factors determining peak currents 
For the measurement of the peak currents, the peak current value is very sensitive to the 
applied voltage pulse and resolutions of the current probes, oscilloscope and peripheral 
devices. In order to demonstrate these effects, a series of high voltage pulses with the same 
duty and amplitude are applied to the motor. The current responses are obtained, and the 
difference among these peak current values can be detected. Since the peak current values are 
directly used for initial rotor position identification, the detection of these values with 
sufficient precision is necessary. Therefore, the factors which might affect the measuring 
accuracy should be studied. 
At first, the remanent magnetisation and magnetic hysteresis effects are analysed. 
Generally, there is some remanent magnetisation for magnetic core even without excitation 
currents. When a series of positive and negative voltage pulses are applied, the magnetic field 
is enforced or reduced in two directions. Even for the same type of voltage pulses at a given 
rotor position, the operating points of the magnetic field are different due to the remanent 
magnetisation and various path of the minor hysteresis loops, and hence the corresponding 
saturation saliencies are different. In order to avoid the peak current error due to remanent 
magnetisation and magnetic hysteresis effects, the number of voltage pulses should be 
increased to diminish the effects. Meanwhile, a series of additional positive and negative 
voltage pulses should be continuously applied before the peak current is measured. 
Besides the magnetic characteristics, the duty and amplitude of the voltage pulse are also 
important. When the high voltage is applied in a short time, the amplitude of the voltage pulse 
should be kept as constant. To compensate the voltage drop of the PWM inverters during the 
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rapid switching of the inverters, and to protect the inverters, some additional capacitors are 
used to stabilise the voltage pulses. At the same time, the duty of the voltage pulse should be 
carefully chosen, because the duty of the pulse is short and the length of the pulse will 
definitely affect the peak current values. In the testing system, a fixed sampling time has been 
determined as a multiple of the duty of the voltage pulses. 
After the current responses have been obtained by the oscilloscope, the data will be 
transferred to a host computer via data communication channel. Since the number of the 
captured data is limited for the oscilloscope, only the current responses to the last few 
measuring voltage pulses are recorded by setting the trigger position to avoid this oscilloscope 
acquisition error, while the current responses with respect to the several additional positive 
and negative pulses applied to eliminate the effects of the remnant magnetisation and magnetic 
hysteresis are not recorded. 
With the consideration of the factors mentioned above, a large amount of experiment is 
conducted for various types of voltage pulses, such as 12, 24 a nd 36 p ositive and negative 
voltage pulses with adjustable duties. Finally, totally 36 voltage pulses with 18 positive and 18 
negative ones are chosen, and only the current responses to the last four positive and negative 
pulses are captured, recorded and stored. As an example, the phase a current responses to the 
applied voltage pulses are plotted in Fig. 3. From the peak current values determined by P1 to 
P4 or N1 to N4, it can be seen that the difference among the four peak current values is little. 
By injecting this specially designed voltage pulses to the motor, the effects due to the above 
factors could be neglected. At a fixed rotor position, these voltage pulses are injected to phase 
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a, b and c, respectively, and the corresponding currents are recorded and processed. The motor 
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Fig. 3. Phase a current responses to the last four positive and negative voltage pulses. 
 
4.3  Experimental peak current 
The voltage pulse injection experiment as discussed above is conducted for the testing 
surface mounted PMSM. At every rotor position, the average value of the last four peak 
currents is defined as the value of the positive (or negative) peak current. At a given rotor 
position, the six peak currents corresponding to the positive and negative voltage pulses 
injected to the three phase stator windings are plotted in Fig. 4. The positive and negative peak 
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Fig. 5. Three phase peak currents versus rotor position. 
 
4.4  Initial rotor position estimation strategy 
From Fig. 5, t he measured peak currents to positive and negative voltage pulses can be 
modelled by several periodic functions as Ia=I0+ΔI01cosθ+ΔI01cos2θ, Ib=I0+ΔI01cos(θ-
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2π/3)+ΔI01cos(2θ+2π/3), Ic=I0+ΔI01cos(θ+2π/3)+ΔI01cos(2θ-2π/3) [7-8]. At a given rotor 
position, the amplitude of the peak current variation, Δisp and Δisn plotted in Fig. 6 c an be 
obtained as Δisp=Isp-I0p, and Δisn=Isn -I0n, where the subscript s represents phase a, b and c, I0p 
and I0n are the average values of the three phase currents, and Isp and Isn the three phase peak 
current values. Δisp and Δisn, caused by the saturation saliency at different rotor positions and 
stator currents, can be used to identify the rotor position. In order to identify the maximum 
values among Δisp and Δisn at a fixed rotor position, the absolute values of Δisp and Δisn are 
calculated [7-8]. 
With the amplitude of the peak current variation, the general procedure of initial rotor 
position estimation is given in Fig. 7. There are two steps for determining the rotor position at 
standstill. Firstly, the positive and negative voltage pulses in the proposed pattern are provided 
to each stator winding, and the peak current values of each phase have been selected. Based on 
the three phase positive and negative peak currents, the amplitude of the peak current 
variation, Δisp and Δisn, have been obtained and rectified to their absolute values. Among the 
six values, the maximum one is chosen to identify the rotor position section, θsection, within an 
electrical cycle. Secondly, Δisp and Δisn, which correspond to the other two phases except for 
the phase with the maximum peak current, are used to identify a subsection angle θ. The final 
rotor position is determined by θr=θsection+θ. With the experimental three phase peak currents, 
the initial rotor positions are estimated and compared with the actual rotor positions as shown 
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Fig. 8. Actual and estimated initial rotor position. 
Apply positive and negative voltage pulses to three 
phase stator windings, and select the peak currents. 
Calculate the amplitude variations and absolute values of 
the three phase currents, Δiap, Δibp, Δicp, Δian, Δibn, and Δicn. 
Pick the maximum value of the peak current 
differences to determine the region of the rotor axis. 
If ibp is Δimax, θsection=5π/3, V1 
and V2 are iap and icp;  
If ibn is Δimax, θsection=2π/3, V1 
and V2 are ian and icn. 
Δimax is iap or ian 
Δimax is ibp or ibn 
If icp is Δimax, θsection=π/3, V1 and V2 are ibp and iap; 
If icn is Δimax, θsection=4π/3, V1 and V2 are ibn and ian. 
Yes 
If iap is Δimax, θsection= π, V1 
and V2 are icp and ibp; 
If ian is Δimax, θsection=0 or 2π, 














































To assess the accuracy of the scheme, the estimation error is defined as, 






















        (5) 
where N is the number of actual rotor positions, θi_est and θi_act (i=1,2,…,N) are the estimated 
and actual rotor position, respectively, and max{} is to choose the maximum value in the 
actual rotor positions. The error of the estimation results is calculated as 2.4% by (5). This 
algorithm can produce satisfactory results. 
 
5.  Implementation of a Sensorless DTC Drive 
5.1  Sensorless DTC drive system 
It has been mentioned that in a DTC PMSM drive system, it is possible to drive the motor 
without mechanical position sensors. In the conventional DTC, the amplitude of the stator flux 
is maintained as constant, and the torque is adjusted by tuning the load angle. In this scheme, 
only six voltage vectors are produced by the inverters. Normally, the DTC algorithm is 
implemented in the two phase stationary α-β reference frame. The α- and β-axis stator fluxes 
are calculated as [14], 
( ) ( ) ( )( ) ( )1m n m n s m n s m nt u t R i t T tψ ψ+ = − +         (6) 
where the subscript m refers to α and β, Ts= tn+1-tn is the sampling time in the digital control 
system, and Rs is the phase resistance. Meanwhile, the electromagnetic torque is calculated by, 
( ) ( )3
2em n
T t P i iα β β αψ ψ= −           (7) 
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where P is the number of pole pairs. 
With the presented initial rotor position scheme, a sensorless DTC drive for the testing 
surface mounted PMSM is presented and the block diagram of the drive system is shown in 
Fig. 9. 
 
Fig. 9. Block diagram of the DTC system with the proposed rotor position estimation scheme. 
 
5.2  Experimental system configuration 
In order to verify the performance of the DTC drive, experiments should be carried out. 
The testing system consists of the testing surface mounted PMSM, a torque transducer, and a 
DC motor as the load coupled to the same shaft. The torque transducer is installed between the 
testing PMSM and the DC motor to monitor the load torque and rotor speed. The parameters 
of the PMSM have been listed in Table 1, and experiments are firstly conducted to measure 
several required electrical and magnetic parameters, such as the magnetising flux linkage (flux 
linkage produced by permanent magnets), stator winding resistance and inductances. The 
magnetising flux linkage ψpm was obtained by measuring the phase voltage in the open circuit 
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test as ψpm = 0.118 Wb. The stator winding resistances at various temperatures were measured 
by the V-A method in a t emperature controllable chamber, and the results are: 
Ra=1.579*(1+0.004033T), Rb=1.584*(1+0.004017T), and Rc=1.602*(1+0.003946T), where T 
is the temperature in oC. The inertia of the motor is 1.99 x 10-3 kg·m2. 
The PWM voltage source inverter (VSI) system is composed of six IGBTs connected to a 
DC power supply. The gate signals of the inverters are controlled by the dSPACE DS1104 
control board, and the slave DSP subsystem is TMS320F240. Three phase current and DC bus 
voltage signals are detected by current and voltage sensors and are then sent to the dSAPCE 
DS1104 system through analog-to-digital (A/D) converters. 
 
5.3  Experimental results 
Experiments have been conducted with the testing system for confirming the effectiveness 
of the presented rotor position identification strategy. Figs. 10 and 11 i llustrate the 
experimental curves of the speed and torque during no-load start-up, respectively.  F ig. 12 
plots the stator flux trajectory at the steady state, and Fig. 13 shows the experimental stator 
currents. 
At an estimated initial rotor position, e.g. θ=0˚, the steady state performances of the 
experiment with a load torque of 3.0 Nm and a reference speed of 2000 rpm are obtained. Fig. 
14 shows the rotor speed with an estimation scheme [14], electromagnetic torque, and stator 
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Fig. 12. Experimental stator flux trajectory of the sensorless DTC PMSM at steady state 
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(c) 
Fig. 14. Experimental steady state results of the sensorless PMSM DTC system with a load torque of 3.0 Nm: 
(a) estimated rotor speed, (b) electromagnetic torque, and (c) stator flux trajectory. 
 
6.  Conclusions 
In this paper, an initial rotor position estimation strategy for a DTC PMSM drive is 
presented. In the scheme, high voltage pulses are applied to amplify the saturation saliencies 
and corresponding peak currents are used, in combination with the inductance patterns, to 
determine the d-axis position and polarity of the rotor. The scheme can be simulated by using 
a nonlinear model of PMSM incorporating both structural and saturation saliencies, which are 
reflected in the winding inductances. The presented strategy has been implemented in a 
sensorless DTC scheme for a surface mounted PMSM. Experiments of the DTC system have 
been conducted. The effectiveness of the method and the performance of the DTC drive 
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